The ability of kinesin to interact with microtubules in a nucleotide-dependent manner and mediate micro tubule-based motility has received the greatest amount of attention to date. Several lines of exper imentation are now beginning to examine the inter action with membrane-bounded organelles. Immu nochemical, biochemical and morphological approaches have shown that kinesin is associated with some, but not all, classes of membrane-bounded organelles found in cells. Similarly, evidence suggests that the distal portion of the rod and the tail portions of the kinesin heavy chain as well as the kinesin light chains may be important for the interaction with membrane surfaces. As a substan tial amount of information about the molecular structure and biochemistry of kinesin has become available, the functional implications of interactions with membrane structures in v ivo are being addressed.
Introduction
Perfusion o f a nonhydrolyzable analogue of ATP, adenylyl imidodiphosphate [AMP-PNP] , immobilizes all of the membrane bounded organelles in isolated cytoplasm from the squid giant axon, by inducing an apparent rigor complex of organelle, motor and microtubule, even in the presence of significant amounts of ATP (Lasek and Brady, 1985) . The discovery of this effect led directly to the conclusion that a new class of microtubule-based mechanochemical ATPases existed in eukaryotic cells (Lasek and Brady, 1984, 1985) . Subsequent work resulted in the identification of a third class of motor proteins, the kinesins (Brady, 1985; Vale et al. 1985) . Since that time, most investigators have focused on determining the polypeptide composition and structure, enzymatic proper ties and sequence of kinesins from a variety o f species and tissues. The initial cloning of a Drosophila kinesin heavy chain (Yang et al. 1988 (Yang et al. , 1989 (Meluh and Rose, 1990) , Aspergillis (Enos and Morris, 1990) and Drosophila (Endow et al. 1990; MacDonald and Goldstein, 1990; Zhang etal. 1990) . Mutations in these kinesin-like polypeptides lead to defects in nuclear migration and cell division. However, despite identifi cation o f additional kinesin-like polypeptides, which may play a variety of roles in cells, the most widely accepted function for the kinesin family of motor proteins in translocation of membrane bounded organelles along cytoplasmic microtubules.
The fact that kinesin was initially identified and purified by its nucleotide-sensitive binding to micro tubules (Brady, 1985; Scholey et al. 1985; Vale et al. 1985) , and the early determination that kinesin was an ATPase (Brady, 1985; Kutznetsov and Gelfand, 1986; Cohn et al. 1987) , focused attention on the interaction between kinesin and microtubules. By contrast, relatively little information has been available about the interaction with membrane bounded organelles. Thus, while considerable progress has been made in defining the properties of the microtubule-activated ATPase of kinesins, the interaction o f the kinesins with membrane bounded organelles and the intracellular distribution of kinesins has been largely a matter of speculation. Many questions remain about the physiological functions and subcellular distribution of kinesin. Work in a number of laboratories has begun to provide insights into these interactions both in vivo and in vitro. Our own laboratories have utilized video, confocal and electron microscopy, immunochemistry, molecular genetics and biochemistry in order to address questions about kinesin-membrane interactions.
Microscopy and immunocytochemistry
A library of monoclonal antibodies suitable for immunocytochemical studies were generated against the heavy and light chains of native kinesin (Pfister etal. 1989) . Each antibody was shown to recognize a distinct epitope on kinesin. Two antibodies recognized the full range of isoforms resolved in one and two dimensional electrophor esis for the heavy chain (H2) and light chain (LI), while the remaining antibodies recognized a subset of these isoforms. Immunocytochemical studies at the light level using this library of anti-kinesin antibodies established that both light and heavy chains are most heavily concentrated on membrane bounded organelles in a variety o f cell types (Fig. 1) . As seen in Figs 1 and 2, the characteristic pattern of staining with kinesin antibodies was a punctate pattern enriched in microtubule-contain ing domains o f cells, but not corresponding to micro tubules. Detergent extraction of cells under conditions that stabilized cytoplasmic microtubules eliminated the punctate pattern without significantly altering the ap pearance of the microtubular cytoskeleton in differential interference contrast microscopy (Pfister et al. 1989) . Using several different approaches, it is becoming possible to identify the specific classes of organelles that have kinesin association.
Laser scanning confocal microscopy has a number of advantages over conventional immunofluorescence mi croscopy, particularly for double label studies. While the resolution remains limited by the physics of light and technical considerations for the instruments, judicious use of this method can provide substantially more detail about the precise locations of specific epitopes within a cell. When compared with conventional epi-illumination fluor escence light microscopy, the signal to noise ratio is substantially improved and effective resolution is increased (down to 400-500 nm), and this is particularly Fig. 1 . Immunofluorescence patterns in neonatal rat brain cultures with antibodies to kinesin heavy and light chains. Cells were cultured and stained as described in Pfister et al. (1989) for immunofluorescence microscopy. Cells were stained with antibodies specific for kinesin heavy chains HI (A), H2 (B), H3 (C,D), antibodies specific for kinesin light chain L2 (E) and normal mouse IgG antibodies (F). In all cell types, the characteristic staining was punctate, consistent with the staining of membrane-bounded organelles in the cytoplasm. In the axons of cultured neurons, varicosities known to contain large numbers of membrane-bounded organelles were very brightly stained by H2 and H3 (B,C). Little or no staining was detectable with control antibodies (F). Punctate staining with kinesin antibodies was abolished by extraction of the cells with Triton X-100 prior to fixation. The figure is reproduced from Pfister et al. (1989) valuable for adding the information along the z-axis for moderately thick specimens. When combined with suit able analytical paradigms, significantly more information about associations may be derived from confocal images than from conventional immunofluorescence images.
Choice of a suitable antigen for colocalization studies is critical for effective analyses. Ideally, antigens meeting two criteria are needed. Firstly, for the broadest compari sons, an integral membrane protein associated with all membranes is needed; secondly, protein antigens specific for different classes of membrane bounded organelles are needed to permit positive identification of the organelle with which the kinesin is associated. An integral membrane protein, influenza virus hemagglutinin (HA), exists that can meet both of these criteria. A genetically engineered form of HA has been generated (Lazarovitis and Roth, 1988) that, when transfected into tissue culture cells, can be found in Golgi complex, endoplasmic reticulum, plasmalemma and endosomes. With proper experimental manipulations, HA can also be restricted to specific classes of membrane structures. Preliminary confocal microscopic studies of cells transfected with HA, Fig. 2 . Double immunofluorescence patterns in cultured cells using antibodies to kinesin and tubulin. PtKj cells were cultured and prepared from immunofluorescence microscopy as described in Pfister et al. (1989) . Antibodies used were the kinesin HI murine monoclonal antibody and a rabbit polyclonal antibody to tubulin. TRITC goat anti-mouse and FITC goat anti-rabbit were employed as secondary antibodies for visualization. In (A) and (B), very low dilutions of the anti-tubulin antibody were used to minimize crossover between rhodamine and fluorescein channels. In (C) and (D), higher concentrations of the tubulin antibody that resulted in some crossover were used to facilitate comparisons of the distributions for the two antigens. The kinesin reactive structures appear to align along tracks formed by the faintly visible microtubules. The figure is reproduced from Pfister et al. (1989) by permission of the Journal of Cell Biology and the Rockefeller University Press. Bar, 10 |Um . using antibodies to kinesin and HA, confirm that kinesin is associated with a variety of different classes of membrane bounded organelles (K. K. Pfister, C. Brewer, M. Roth, G. S. Bloom and S. T. Brady, unpublished observations). However, not all membranes have kinesin associated with them. For example, both the Golgi complex and nuclear membranes appear to have little or no kinesin immunoreactivity.
A parallel study using an antigen to a mitochondrial antigen indicates that kinesin is also associated with mitochondria. Interestingly, initial images suggest that the distribution of kinesin is restricted to discrete patches and is not uniformly distributed on the surface of the mitochondria. Although the immunofluorescence data is still preliminary, such a patchy distribution is consistent with observations of mitochondrial movement in video microscopy (Martz et al. 1984) and with immunogold electron microscopic localization of kinesin on isolated mitochondria (Leopold et al. 1990) .
Confocal microscopy has also provided additional infor mation about the relationship of kinesin with micro tubules. The distribution of kinesin with tubulin in double label immunofluorescence experiments in both interphase and mitotic cells has been examined. In Fig. 3 , the pattern in interphase cells for both kinesin (A) and tubulin (B) was similar to that obtained with conventional immunofluor escence (see Fig. 2 and Pfister et al. 1989) . The punctate kinesin structures are located in the vicinity of micro tubules, but do not co-localize with the microtubules. In rounded, mitotic cells, little kinesin can be detected in optical sections and no kinesin appears to be associated with the mitotic spindle itself (Fig. 3) .
The physiological properties of the organelle can also be utilized as a means of identifying specific organelles. Immunocytochemistry of ligated nerves with conventional and confocal microscopy indicates that kinesin is preferen tially associated with anterograde moving organelles in the axon, although some kinesin is also present on retrograde moving organelles (Dahlstrom etal. 1991; Hirokawa et al. unpublished) . Immunoelectron mi croscopy of similar nerves also indicates that kinesin is primarily on anterograde moving organelles, while an antibody to cytoplasmic dynein is present at similar levels for both anterograde and retrograde moving organelles (Hirokawa etal. 1990; unpublished) . Light and electron microscopic immunocytochemistry thus suggest that the level of kinesin in a freely diffusible form is low in axons and probably in other cell types as well.
Biochemical and immunochemical evidence
If, as indicated by the immunocytochemistry, kinesin is primarily associated with membrane bounded organelles in the cell, then purified organelles should contain significant amounts of kinesin. Using quantitative immunoblots and immunogold electron microscopy of purified organelle fractions, a variety of organelle classes have been purified with kinesin bound to the membrane surface (Leopold et al. 1989) . Kinesin-containing classes of membrane organelles include synaptic vesicles, a more heterogeneous microsomal fraction, coated vesicles and mitochondria. In contrast, certain other classes of mem brane bounded organelles such as the Golgi apparatus and nuclei do not contain detectable levels of kinesin, consistent with the results of immunofluorescence studies. Interaction with cellular membranes therefore appears to be selective to specific organelle surfaces. Moreover, the organization of kinesin on the surface of membrane bounded organelles in immunoelectron microscopic studies suggests that kinesin may form supramolecular complexes on the surface of isolated organelles, possibly mediated by specific receptors or by cooperative interac tions between neighboring kinesins.
Studies on the axonal transport of kinesin itself have been conducted in the rat optic nerve, following metabolic labelling of retinal ganglion cell proteins with 35S-methionine. Using our antibodies to kinesin, both heavy and light chains of kinesin were labelled in immunoprecipitates from nerves containing labelled fast axonal transport proteins. A peak of radiolabelled kinesin moves along the nerve, along with the peak of fast axonal transport. Thus, a substantial fraction of axonal kinesin is moving with membrane bounded organelles in fast axonal transport (Elluru et al. 1990) . By contrast, very little labeled kinesin was detectable in nerves at times consistent with labeling of cytoplasmic proteins of the axon. The small amount of labelled kinesin detectable in the nerve at these times was uniformly distributed along the nerve and did not move down the nerve with slow axonal transport. This fraction of kinesin may be moving back to the cell body in retrograde axonal transport. These observations reinforce the suggestion that the bulk of kinesin in the axon is present on membrane bounded organelles and little is found in a cytoplasmic form.
Kinesin structure and interactions with membrane surfaces
The molecular architecture of kinesin has been explored using biophysical, immunochemical, electron microscopic and molecular genetic approaches. Kinesin holoenzyme is a tetramer containing two heavy chains and two light chains (Bloom et al. 1988; Kutznetsov et al. 1988 ). The protein is highly elongated, approximately 80 nm in length, with a globular head domain, a rod-like shaft and a fan-shaped tail region (Hirokawa et al. 1989) (Fig. 4A) . The ATP binding site(s) and the microtubule binding sites are associated with the globular portion of the heavy chain, as shown by biochemical (Bloom et al. 1988; Penningroth et al. 1987; Kutznetsov et al. 1989; Scholey et al. 1989) , electron microscopic (Hirokawa et al. 1989; Scholey et al. 1989 ) and molecular genetic (Yang et al. 1989; 1990) approaches. Surprisingly, the location of the kinesin light chains is not on the globular head, as in the case of myosin. Immunolocalization of kinesin light chains in rotary shadowed electron microscopic studies indicate that they are found in the region of the fan-shaped tail (Hirokawa et al. 1989) (Fig. 4A) . The function of the light chains are still open to speculation, although the assumption is that they serve some regulatory function. Kinesin heavy chains or kinesin heavy chain fragments retain the ability to bind to microtubules, hydrolyze ATP and induce microtubule gliding on coverslips in the absence of light chains (Kutznetsov et al. 1989; Scholey et al. 1989; Yang et al. 1990 ). The position of light chains on the tail do not exclude the possibility that they may act to regulate ATPase activity. A precedent for such 'long-range actions' can be found in the modulation of myosin ATPase by phosphorylation or proteolysis of the myosin heavy chain tail. However, no direct evidence for this mechanism is yet available for the kinesin ATPase, although Hackney has suggested this possibility from kinetic studies (1988 and elsewhere in this volume).
Several features of kinesin structure may be relevant for the interaction of kinesin with membranes (Fig. 4B) . The localization of light chains on the fan-shaped tail, far removed from the microtubule and ATP binding regions in the head, is consistent with such a role for kinesin light chains. A hinged region is frequently noted on the shaft of rotary shadowed preparations of kinesin, located approxi mately halfway between the head and tail domains (Hirokawa et al. 1989) . The length of crossbridges between vesicles and microtubules in vivo is of the order of 15-30 nm (Miller and Lasek, 1985; Hirokawa et al. 1989) , which is less than half of the 80 nm length of kinesin. One possibility is that the hinge may be related to the interaction of kinesin with membrane surfaces (Hirokawa et al. 1989) . This implies that a substantial stretch of the kinesin ATPase must be associated with the surface of the membrane (see Fig. 4B ). The mechanisms by which this process may be mediated or regulated are currently unknown.
The existence of isoforms for both heavy and light chains of kinesin (Wagner et al. 1989; Pfister et al. 1989) raise the possibility that these may be either cell type-specific or organelle-specific forms of kinesin. These isoforms may be due either to post-translational modifications or to differences in primary sequence. Recent studies on the primary sequences of kinesin light chains suggest that some of the variability in light chains from mammalian brain can be related to primary sequence differences (Cyr et al. 1990 ; J. Cyr and S. T. Brady, unpublished data). Further investigation should allow us to distinguish between these two possibilities.
Functional implications of kinesin-m em brane associations
Kinesin is readily isolated from a soluble fraction of brain or other tissue (see for example, Wagner et al. 1989; Kutznetsov and Gelfand, 1986; Cohn et al. 1987; Porter etal. 1987) . Following differential extraction studies on chick fibroblasts, Hollenbeck (1989) reported that nearly 70 % of the kinesin was extracted into the soluble fraction by standard cell fractionation methods. However, the properties of kinesin are not consistent with a substantial, soluble pool of kinesin in vivo. The activity of soluble kinesin as a microtubule-activated ATPase should lead to a substantial amount of ATP hydrolysis in a cell with a jnr>nr>n. Synthesis of results from immunofluorescence localization at the light microscopic level and immunogold electron microscopy suggests that the kinesin is not distributed uniformly on the surface of the organelle. Instead, the kinesin appears organized into 'patches' that may contain several kinesins and possibly cytoplasmic dynein motors as well. Receptors for the kinesin could be responsible for the clustering of kinesins and possibly of the dyneins as well. Alternatively, the substantial lengths of kinesin tail and shaft on the surface of the membrane could be involved in organizing the kinesins in a cooperative fashion. In either case, this organization may have a substantial impact on the functional properties of molecular motors in vivo. Although this scheme is speculative, the features illustrated are consistent with demonstrated aspects of kinesin distribution in cells and properties of organelle transport in the axon. cytoplasmic microtubule cytoskeleton. Such ATP hydroly sis would not be coupled to translocation of cellular structures and would presumably constitute a drain on cellular energy resources. While putative regulatory elements could prevent such uncoupled ATP hydrolysis by soluble kinesin, no evidence is currently available to suggest that such a regulatory element exists. Alterna tively, cellular kinesin could be associated with membrane bounded structures and the soluble pool may represent an artifact o f homogenization.
Immunocytochemical (Pfister et al. 1989 ) and axonal transport (Elluru et al. 1990; Dahlstrom et al. 1991; Hirokawa et al. unpublished) studies do indicate that the bulk of cellular kinesin is associated with membrane bounded organelles. A fraction of cellular kinesin also cofractionates with purified membrane organelles from brain, such as synaptic vesicles and mitochondria (Leopold etal. 1989; 1990) . The reason that most kinesin is recovered from the soluble fraction is uncertain at present, but may be related to the effects of standard biochemical buffer solutions on kinesin structure.
Conclusions
Studies on the cell biology of kinesins in the nervous system complement our continuing investigation o f the biochemistry and molecular architecture of these motor molecules. The existence o f multiple isoforms of kinesin in nervous tissue has been demonstrated by biochemical and molecular genetic methods. The importance of these variations in kinesin structure for enzymatic activity and motility are being evaluated and the functional signifi cance of these differences are currently under investi gation (see Fig. 5 ). Information about the interaction of kinesin with membrane surfaces is now also becoming available. By combining various approaches, we hope to obtain a more complete understanding o f the cellular and molecular dynamics o f the kinesins. (1985) . Identification o f kinesin in sea urchin eggs, and evidence for its localization in the mitotic spindle. Nature 318, 483-486. S c h o l e y , J. M., H e u s e r , J., Y a n g , J. T. a n d G o l d s t e i n , L. S . B. (1989) .
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